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Abstract
Atherosclerotic plaque localizes in predictable areas such as arches and bifurcations which are characterized by
disturbed flow patterns and the resulting damage and dysfunction to the endothelium. Endothelial cells (ECs)
under sustained laminar flow align in the direction of flow; however, under disturbed flow conditions, ECs sustain
damage to their glycocalyx (GCX) which results in unaligned and rounder cells. An investigation into the role of
NDST1 sulfation of heparan sulfate (HS), a key component of many proteoglycans which make up the GCX, was
conducted. The descending aortas (DAs) of transgenic mice with conditional knockouts (KOs) of NDST1 in
vascular ECs were quantified for changes in alignment on the basis of: aspect ratio (AR), circularity, and angle of
alignment relative to the direction of flow. NDST1 KO animals displayed no significant negative changes in
alignment and significant positive changes in one of the three categories measured. To confirm the presence of
the HS chain backbone, cross sections of vessels were stained for sulfation sites directed by the NDST1 or
HS3ST1 enzymes. NDST1 or HS3ST1 sulfation. NDST1 KO animals had a significant knockdown of NDST1
sulfation and a normal expression of HS3ST1 sulfation confirming the presence of the HS backbone. This result
supported the conclusion that the HS backbone remains intact and functional despite the deletion of NDST1
sulfation.
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Chapter 1: Background
Atherosclerosis and the Mechanical Proponents of its Progression
Cardiovascular disease (CVD) is the leading cause of death and affects over 92 million adults in the United
States (US) [1]. While the relative rate of deaths directly attributable to CVD have declined in recent years in
the US (2000-2010) by 16.7%, CVD still accounted for roughly 32% of all deaths in 2010 [2]. Of the
790,000 CVD related deaths in 2010, over 380,000 of these deaths were due to coronary heart disease (CHD)
[2]. Annually there are roughly 620,000 first time hospitalizations of individuals with coronary myocardial
infarctions and around 295,000 recurring infarctions [2]. The primary precursor to CHD and many other
CVDs is atherosclerosis. Atherosclerosis is an inflammatory disease of the vasculature system which is
primarily characterized by the hardening and narrowing of the arteries through plaque development.
Complications as a result of these processes are the primary arbiters of CHD and some forms of strokes [3].
The delicate balance of vascular homeostasis is primarily attributed to the health of the monolayer of
endothelial cells that form the luminal wall of all blood vessels, and the onset of atherosclerosis is generally
attributed to a disruption of the arterial monolayer of endothelial cells (ECs), the endothelium [3]. It has been
demonstrated that specific regions such as arches, branches, and bifurcations in the vasculature have an
innate susceptibility to the development of atherosclerotic plaques [4,5]. The characteristic unique to these
regions is an altered flow profile of the blood. In regions not susceptible to atherosclerosis, the tangential
component of flow, shear stress, acts on the luminal surface of the endothelium in an unsteady but
unidirectional laminar flow [6,7]. Unsteady flow refers to the pulsatile nature of blood flow consisting of
periods of high velocity during systole followed by periods of lower velocity as the contraction subsides
during diastole. Susceptible areas, however, are characterized by disturbed laminar flow which has been
shown to give rise to pro-inflammatory and atherogenic EC gene expression [4,6]. Disturbed laminar flow
can be described as low magnitude oscillating fluid shear stress (FSS) with separations forming recirculating
eddies with non-uniform spatial and temporal gradients of shear stress [6].

The Glycocalyx, Endothelial Homeostasis, and Atheroprotective Pathways
The biomechanical forces of disturbed laminar flow and the concurrence of changes in EC gene expression
lead to the eventual degradation and dysfunction of the endothelial glycocalyx (GCX) [2]. The GCX is a rich
layer of polysaccharides which covers the luminal surfaces of ECs as well as the surfaces of most eukaryotic
and some prokaryotic cells [7,8]. The endothelial GCX extends roughly 200-400 nm from the endothelial
membrane; though there are also differing techniques of preservation such as rapid freezing TEM that have
demonstrated layers up to 3-5+ µm in thickness [9,10] (Fig. 1a,c). The glycocalyx is composed of membrane
associated glycoproteins, proteoglycans, and glycolipids along with their oligosaccharide side chains (e.g.,
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chondroitin sulfate and heparan sulfate) [7]. In vasculature, the GCX plays a significant role in the
maintenance of homeostasis of the endothelium, acting as a gatekeeper which regulates the access of cellular

Fig. 1. Glycocalyx physical structure and relative dimensions. (a) Transmission electron microscope image of an Alcian blue stained
section of rat myocardial capillary reveals a GCX layer of up to 500 nm thickness. (b) Relative width of a column of red blood cells
(average red blood cell is 6-8µm in diameter) (left) or a column of fluorescently labeled dextran (right). (c) Rapid freezing of samples
reveals a depth of at least several microns in thickness. Adapted from (7).

and macromolecular components in the blood to the endothelium [11]. In addition, the GCX also acts as a
mechanotransducer capable of sensing flow conditions and generating cellular responses [4]. By far the most
documented of these for ECs is the glycocalyx’s ability to induce nitric oxide (NO) synthesis in response to
mechanical stimulation in the form of laminar shear stress [12,13]. NO is one of the factors secreted by ECs
and is responsible for regulating blood pressure by adjusting vascular tone [14]. NO modulates vascular tone
by relaxing surrounding vascular smooth muscle cells (SMCs) therein causing vasodilation [15]. Apart from
NO production, uniform and steady laminar sheer stress maintains a healthy phenotypic expression in ECs
through the activation of anti-inflammatory genes and pathways and the downregulation of inflammatory
genes and pathways [16].
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While the exact mechanisms are not entirely understood, it has been demonstrated that disturbed flow
patterns indicative of atherosusceptible regions and systemic risks such as atherogenic diets result in
decreased glycocalyx thickness followed by chronic inflammation and intimal thickening [17]. The
disruption and thinning of the glycocalyx is followed then by increased leukocyte adhesion through a vast
array of pro-adhesive modifiers and adhesion molecules [18,19]. It has been demonstrated that surface bound
leukocyte adhesion molecules related to ‘tethering’ and ‘rolling’ (e.g., E- and P- selectins) are exposed with
glycocalyx thinning [20]. The upregulation of general pro-inflammatory transcription factors like NFκB and
AP-1 are responsible for the expression of immunoglobulin-like molecules associated with leukocyte arrest,
firm adhesion, and transmigration into the vascular tissue in conjunction with selectin localization [19].
While disturbed flow-induced glycocalyx shedding exposes vulnerable leukocyte adhesion molecules and
upregulates initial inflammatory pathways, the absence of laminar shear stress (LSS) also induces a
downregulation in anti-inflammatory transcription factors, KLF2 and KLF4 [4,8].

Fig. 2. Stages of atherosclerotic lesion progression. (a) Normal artery consisting of three main layers: the inner layer, the tunica intima,
the middle layer, the tunica media, and the outer layer, the adventitia. (b) Following the degradation of the GCX, leukocyte adhesion
molecules allow for the tethering of monocytes, and an activated endothelial layer then directs their migration into the intima where they
consume absorbed LDL and develop into macrophages and eventually into foam cells. (c) Invading and resident SMCs proliferate and
produce excess extracellular matrix proteins. Apoptotic macrophages lead to the subsequent apoptosis or necrosis of SMCs due to the lack
of blood flow and clearance of waste. (d) A disturbed or ruptured plaque can come into contact with coagulant factors in the blood leading
to thrombosis and the potential to impede blood flow if the thrombus extends into the vessel lumen. Adapted from (3).
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Kruppel-like family members (KLF2 and KLF4) are atheroprotective endothelial transcription factors, and it
has been demonstrated in human umbilical vein endothelial cells (HUVECs) to be induced in-vitro with the
application of LSS [22,23]. Conversely, KLF2 and KLF4 have also been shown in-vitro to be suppressed by
disturbed flow, but this can be reversed with adenoviral overexpression [24]. Specifically, KLF2 is known to
attenuate leukocyte adhesion by inhibiting E-selectin and VCAM-1 and reduce coagulation by upregulating
thrombomodulin and endothelial nitric oxide synthase (eNOS) [24]. Likewise, it has also been shown that
KLF4 deficiency in-vitro was sufficient to illicit upregulation of VCAM-1, ICAM-1, and a suppression of
eNOS [23,24]. In support of these findings, porcine and mouse models have demonstrated low expressions of
KLF2 and KLF4 exclusively in atherosusceptible regions [24].

Atherosclerosis Progression
Ultimately the degradation of the GCX enacts changes in permeability, downregulation of atheroprotective
shear-induced pathways, and the exposure of otherwise shielded leukocyte adhesion molecules. Coupled with
the upregulation of chronic inflammatory pathways such as NFκB, the necessary conditions for
atherosclerotic plaque development are established [25,26]. Following these changes, this preferential
phenotype of the vasculature promotes the entry and the retention of cholesterol-containing low-density
lipoprotein (LDL) particles into the artery wall. As the LDL is biochemically modified within vascular tissue,
leukocytes adhered to the surface then invade into the intima, differentiate into macrophages, and endocytose
the excess LDL earning the designation of foam cells for their appearance (Fig. 2b). A cascade of shearrelated responses between ECs and SMCs trigger an upregulation of platelet-derived growth factor which
elicits the proliferation of nascent SMCs in the intima in addition to the invasion of SMCs from the tunica
A

B

C

Fig. 3. The three main categories of cell-surface heparan sulfate proteoglycans (HSPGs). (A) Syndecan core proteins are
transmembrane proteins that contain heparan sulfate (HS) chains attached to serine residues distal from the cell surface and in some
cases chondroitin sulfate (CS) chain(s) near the cell surface. (B) Glypican core proteins are disulphide-stabilized globular core proteins
linked to the cell surface by a glycosylphosphatidylinositol (GPI) linkage. (C) Perlecans are secreted HSPGs that can carry HS chains.
Adapted from (32)
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media (Fig. 2c). In turn, the SMCs produce excess extracellular matrix (ECM) proteins, primarily collagen
and elastin, which create a cap to the developing plaque [27,28]. The interior of the plaque is marked with
esterified excess LDL forming cholesterol crystals, budding vasculature, and apoptotic SMCs and
macrophages [29]. Due to the lack of phagocytic clearance the interior of the plaque develops into a necrotic
core which is then the key component susceptible to rupture, thrombosis, and a potential vessel occlusion
resulting in a CVD-related ischemic stroke or heart attack [30] (Fig. 2d).

Composition of the Glycocalyx
As mentioned previously, the GCX is a complex network of polysaccharides coating the luminal membrane
of ECs lining the vasculature. The most relevant of these polysaccharides in relation to the functional
capacity of the GCX are a series of proteoglycans (PGs) [31]. Proteoglycans consist of a core protein with
one or more covalently linked linear polydisperse heteropolysaccharides called glycosaminoglycans (GAGs)
[32,33]. Glycosaminoglycans are disaccharides which consist of repeating combinations of one hexosamine

Fig. 4. Structure and biosynthesis of heparan sulfate. Abbreviations related to structure are as follows: NS, N-sulfated GlcN; 6S, 6-Osulfated GlcN; 2S, 2-O-sulfated IdoA; 3S, 3-O-sulfated GlcN; Ser, serine. Above is a simplified scenario of HS biosynthesis as the
structure itself is highly variable. The linkage region is formed in the Golgi apparatus prior to chain formation. Following the addition
of the EXT1/EXT2 polymerase complex, alternating units of GlcNAc and GlcA are added to the non-reducing end of the growing
chain. Following these a series of bio-functional modifications are made starting with N-deacetylation/N-sulfation, followed by
epimerization and 2-O-sulfation, and lastly 6-O- and 3-O-sulfation. Adapted from (37).
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and one hexuronic acid [32]. Varying combinations of these give rise to three families of GAGs which can be
found on ECs: heparan sulfate, chondroitin sulfate (CS), and hyaluronan (HA). Among the PGs associated
with the GCX, upwards of 50-90% fall under the classification of heparan sulfate proteoglycans (HSPGs)
with the remaining comprised of CS and HA [31].
The abundance of HSPGs plays into the roles of the GCX with their ability to bind proteins with a heparinbinding domain associated with vascular growth, oxygen radical scavenging, lipid metabolism, and
coagulation [34,35]. The HSPGs associated with the cardiovascular system are divided into 3 categories
based on their mode of association with the plasma membrane [31] (Fig. 3). The first of these, syndecans, are
a family of HSPGs with direct linkage into the lipid bi-layer and generally contain 3-5 HS side chains with
the occasional inclusion of a CS chain attached to a serine residue near the membrane [31,33]. The second
category, glypicans, are linked directly to the plasma membrane through a glycosylphosphatidylinositol
(GPI) anchor [32]. These anchors are often localized on membrane bound lipid rafts rich in cholesterol and
sphingolipids containing a large number of signaling molecules and components associated with vesicular
transport [32,33]. The final of these, perlecans, carry multiple HS chains and are secreted by ECs [33].
Perlecan is generally either associated with the basement membrane or as a dissolved HSPG involved with
specific to relatively non-specific interactions between HS chains and other molecules associated with the
plasma membrane [31,32].

Heparan Sulfate Biosynthesis and Role in Endothelial Alignment
As HSPGs have been demonstrated to play key roles in endothelial cell adhesion rate and strength, migration,
alignment, and shear sensing, enzymatic degradation and gene expression targeting have proven powerful
tools in further investigating the roles of heparan sulfate and their associated glycoproteins as targets for
medicinal therapy [33,36,37]. Heparan sulfate biosynthesis begins in the Golgi apparatus where the linkage
region is developed attached to a serine residue on a core protein [38] (Fig. 4). Precursor chains developed in
the cytosol are then shuttled to the Golgi apparatus upon which the HS backbone is polymerized [38].
Following this, the HS backbone bio-functionality is further modified with the addition of sulfations via Ndeacetylase/Nsulfotransferase (NDST), 2-O-sulfotransferase, 3-O-sulfotranseferase, and 6-O-sulfotransferase
[38,39]. In an investigation into rat smooth muscle cell (SMC) /motility and MMP expression, it was
demonstrated that altered glycocalyx HS biosynthesis via NDST1 deletion was as efficient at blocking
interstitial flow mediated MMP expression and cell motility as HS cleavage with heparinase iii [39]. With
NDST1 as a potential target for silencing GCX mediated flow sensing, a transgenic mouse model with an
endothelial cell specific knockout of NDST1 was used to investigate the role of HS in endothelial cell
alignment.

9

Endothelial cell alignment is of interest as it is an integral element of endothelial homeostasis through
regulation of atheroprotective and atherogenic pathways. In a study utilizing a rotating flow chamber, Wang
et al. conducted a series of experiments detailing the effects of alignment angles on eNOS and NFκB
activation [40]. Aligned ECs demonstrated eNOS activation at high angles (maximal at 0° and 180°) and no
effect between 45°-90°. Conversely NFκB was activated (via p65 on Ser 536) at lower angles (maximal at
90°) and unchanged by flow reversal (180°) [40,41]. In this manner, parallel endothelial alignment
corresponds with eNOS activation and generally atheroprotective pathways. Altering of flow patterns
through the rotation of pre-aligned cells (similar to disturbed flow) demonstrated an absence of eNOS
activation and the upregulation of pro-inflammatory cytokine NFκB. Both of these are activated by various
shear stresses which in ECs is sensed via elements of the GCX.
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Chapter 2: Endothelial cell alignment is not inhibited by knockout of NDST1 in a
mouse model

Introduction
Atherosclerosis is an inflammatory disease of the large to mid-sized arteries which is an underlying cause and risk
factor for the leading cause of death in the United States and in most developing nations [1]. Aside from general
inflammation, atherosclerosis primarily consists of the hardening and narrowing of the arteries [3]. The
progression of atherosclerosis is linked to a variety of risk factors such as: high triglyceride and low-density
lipoprotein (LDL) cholesterol levels, hypertension, smoking, sedentary lifestyle, and inflammatory mediators (e.g.
TNF-alpha) [3,41]. Despite systemic risk factors, atherosclerosis is localized to specific arterial regions in the
vasculature such as arches, branches, and bifurcations [4,5]. The susceptibility of these regions is exclusive to the
altered flow mechanics unique to them as well. These areas are characterized by both low magnitude fluid shear
stress and disturbed flow [4,6]. These altered flow patterns give rise to pro-inflammatory and atherogenic
endothelial cell (EC) gene expression [6]. Coupled along with these changes is the degradation of the glycocalyx
[2].
The GCX is a rich layer of polysaccharides which covers the luminal surfaces of ECs as well as the surfaces of
most eukaryotic and some prokaryotic cells [7,8]. The GCX is composed of membrane associated glycoproteins,
proteoglycans, and glycolipids along with their oligosaccharide side chains (e.g., chondroitin sulfate and heparan
sulfate) [7]. In vasculature, the GCX plays a significant role in the maintenance of homeostasis of the endothelium,
acting as a gatekeeper which regulates the access of cellular and macromolecular components in the blood to the
endothelium and also as a mechanosensor capable of relaying information on external stimuli such as shear stress
[11,12]. In the absence or the degradation of the glycocalyx, vascular permeability to LDL and other such factors
enhances alongside the increased incidence of adhesive and invasive monocytes leading to an escalated
inflammatory response [25,26]. Ultimately, the development of a plaque and/or its subsequent rupture can lead to
a thrombotic response further narrowing or occluding an artery resulting in a heart attack or ischemic stroke [3].
As the integrity of the GCX coincides closely with the homeostasis of the endothelium, the GCX is an interesting
and potentially important target of therapeutic interest. Within the confines of the GCX are three primary families
of cell-surface heparan sulfate proteoglycans (HSPGs): syndecan, glypican, and perlecan [32]. Prior literature has
demonstrated the necessity of heparan sulfate (HS) in the GCX in numerous cell types for mechanosensing. In
ECs, the enzymatic removal of HS from the GCX using heparinase iii blocked flow-related responses such as
alignment [43]. In rat SMCs, both heparinase iii treatment and disruption of HS biosynthesis via silencing
ofNDST1 eliminated the interstitial fluid flow response [39].
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As the mechanotransducive properties of the GCX are vital for flow-related responses such as nitrogen oxide
synthesis and the production of atheroprotective transcription factors such as KLF2 and KLF4, the modification
of and investigation into the various roles of the elements of the GCX in flow sensing and subsequently
atherogenesis are of particular interest. To these ends, endothelial cell alignment in vivo was quantified in a
transgenic mouse model with an EC specific knockdown of NDST1. For the purpose of concurrent experiments,
mice were either on or off a high fat diet to enhance the progression of atherosclerotic plaques.

Materials and Methods
Animal Studies, Euthanasia, Fixation, and Cryopreservation
The colony founders for the NDST1 knockout (KO) mouse strain and controls were graciously donated
by Jeff Esko (University of California, San Diego) [44]. All animal protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) of The City College of New York. After 10 or 16
weeks on the high fat diet, mice were placed on a 5-h fast. Following the fast, mice were sacrificed with
CO2 euthanasia. A mid-line surgical incision was then made from the abdominal wall to thoracic wall.
The heart was exposed after cutting the diaphragm. The inferior vena cava and right atrium were severed
to drain the blood and 20-30 mL of PBS containing 1% BSA were pressure perfused from the left
ventricle through the circulatory system. The vessels were then pressure perfused with 20-30 mL of 2%
paraformaldehyde in PBS. Following the removal of all blood and thorough fixation, descending aortas
(DA) and common carotid arteries were dissected out. Segments of each artery were either frozen in a
block of optimal cutting temperature (OCT) compound and stored at -80°C, or stored intact in 2%PFA or
PBS at 4°C until use. Segments stored in OCT were later sectioned (6 µm thick sections) to expose the
wall cross-section using a cryostat -20°C. Six to twelve serial sections were placed on positively charged
glass slides (Color Frost Plus, Fisher Scientific, Pittsburgh, PA). Sections mounted on glass slides were
dried overnight before further processing or before storage with desiccate at -80°C for future use [4].

Immunofluorescence Staining
Tight Junction-associated ZO-1 Protein Staining
To visualize endothelial cell borders, DAs and left common carotid arteries (LCAs) were stored in either
2% PFA or fresh PBS at 4°C post-transfusion fixation until use. Before use, aortas stored in 2% PFA
solution were washed in PBS for 10 min. After tissue samples were permeabilized with PBS containing
0.3% Triton X-100 (Sigma) for 10 min on a rocker, they were washed for an additional 10 min in PBS,
and vessels were then cut once longitudinally, and the entirety of the adventitia of the DAs was removed
by peeling from an intercostal artery (Fig. 5A, B). Antigen retrieval was performed for samples stored in
PFA wherein they were immersed in 0.1M sodium citrate diluted 1:10 in PBS and heated to 98°C for 20
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B

C

Fig. 5. Protocol for mouse descending aorta and left common carotid artery dissection and imaging. (A) DAs and LCAs were
permeabilized in PBS containing .3% Triton X-100 for 10 mins on a rocker and washed twice for 5 minutes. Intercostal arteries (holes)
were trimmed down if necessary prior to making a cut with longitudinal cut (dashed arrow) with micro scissors. Cuts were made
strategically, half the distance between the furthest edges of the intercostal arterial regions to optimize the preservation of the targeted
region for imaging and quantification. (B) Following the longitudinal cut, the adventitial layers were removed from the endothelium.
This was accomplished with micro tweezers by either using the edge of the cut to peel away or creating a tear near an intercostal artery
without concern for the cells underneath due to rough handling. (C) After the applicable staining and mounting was completed, the
target area (outlined in black) was used for all respective imaging and quantification.

min and allowed to cool for an additional 30 min. These samples were then washed for 10 min in PBS,
treated with 1% H2O2 for 30 min, and washed again for 10 min in PBS. Following this, all samples were
13

blocked with 10% goat serum (GS) and 0.3% Triton X-100 for 1 hour and incubated with primary
antibody ZO-1 (Invitrogen) (1:50 dilution in 10% GS and 0.3% Triton X-100) for 1 day at 4°C on a
rocker. Fresh samples were then washed for 25 min in PBS, incubated with secondary antibody Goat antiRabbit IgG (Alexa Fluor 555, Life Technologies) (1:200 dilution in 10% GS and 0.3% Triton X-100) for
1 hour, and washed again for 25 min in PBS containing 0.1% Tween. Samples stored in PFA were
incubated with HRP conjugated secondary antibody and then amplified using a TSA™ Plus Cyanine 3
System for 5 min at a 1:100 dilution and washed with PBS containing 0.1% Tween for 25 min. All
samples were counterstained with DAPI (1:3000) for 5 min and washed for 15 min in PBS prior to
mounting.

Heparan Sulfate NDST1 Sulfation Staining
To visualize HS coverage via an NDST1 sulfation site, cryosections of LCA and RCA were fixed in 4%
PFA for 10 mins, washed in PBS for 10 min, and permeabilized with PBS containing 0.3% Triton X-100
(Sigma) for 10 mins. Antigen retrieval and H2O2 treatment were performed as described above, and
sections were blocked with 10% GS and 0.3% Triton X-100 for 1 hour. Following this, sections were
washed for 6 min with PBS containing 0.1% Tween and blocked with goat anti-mouse IgG Fab fragment
affinity-purified antibody diluted in 1% GS (1:10) for 1 hour at room temperature (RT). Samples were
then incubated with anti-HS (AMS Biotechnology – 10E4) (1:50 dilution in 10% GS and 0.3% Triton X100) for 1 day in a humidified chamber. After incubation, samples were washed for 25 mins in PBS and
incubated with secondary antibody HRP (1:500 in 10% GS and 0.3% Triton X-100) for 1 hour. Finally,
sections were washed for 25 min with PBS containing 0.1% Tween, counterstained with DAPI (1:3000)
for 5 min, and mounted with Fluoromount-G (Southern Biotech).

Heparan Sulfate HS3ST1 Sulfation Staining
To visualize HS coverage via an HS3ST1 sulfation site, a phage display derived single chain antibody
(HS4C3) kindly provided by Toin H. van Kuppevelt (Nijmegen Center for Molecular Life Sciences,
Radbound University Medical Center) was used.. Cryosections were hydrated for 10 min in PBS and
blocked with PBS containing 0.1% BSA for 20 min. Sections were then incubated for 1 hour with HS4C3
periplasmic fraction containing the single chain antibody (1:5 dilution in PBS containing 0.1% BSA).
Samples were then washed for 30 min in PBS and incubated with secondary antibody Goat anti-Rabbit
IgG (Alexa Fluor 555, Life Technologies) (1:200 dilution in 10% Goat Serum (GS) and 0.3% Triton X100) for 1 hour. Sections were washed for 30 min in PBS, counterstained with DAPI (1:3000) for 5 min,
washed for 15 min in PBS, and rinsed for 10 sec in 100% ethanol. After which sections were quickly
mounted with Fluoromount-G (Southern Biotech).
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Fig. 6. ZO-1 staining alignment quantification of a wildtype (A-B) and a NDST1̵-/- (C-D) descending aorta (DA) (63X). (A,C)
Examples of a wildtype and a NDST1̵-/- DA microscopy images (green arrows refer to the respective direction of flow). (B) Using
the polygon sections tool in ImageJ, cells with clearly defined borders contained within the field of view were traced and the area,
circularity, and aspect ratio were measured. (D) In a second pass, the traced polygonal shape of the cell was idealized as an ellipse
(major and minor axes (in red) of cell 1 are indicated by white arrows) and the angle of alignment was calculated from the
difference between the major axis (marker 19) and the respective direction of flow.
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Microscopy and quantification
In-vivo Cell Alignment
ZO-1 border staining images were collected with an upright Zeiss LSM 510 confocal microscope and
acquired utilizing Zeiss’ ZEN software (blue edition). Depending on the individual thickness of the tissue
samples, at least 4-5 z-series optical sections averaging a minimum of 15-20 cells were collected per
sample with a 63X objective where single sections were insufficient. All z-series images were displayed
as maximum z-projections, and brightness and contrast were adjusted to optimize visibility of cell borders.
DA images were taken on the side opposite of the intercostal arteries to avoid adverse flow related effects
that could potentially skew results (Fig. 5C). Using the ZO-1 stain as an approximation of cell borders,
these edges were traced to generate an individual cell area, aspect ratio (AR) defined as ([Major
Axis]/[Minor Axis]), circularity defined as (4 π*([Area]/[Perimeter]2)) (1 is perfect circle), and alignment
angle relative to flow measurements with ImageJ (Fig. 6). These individual cell values were averaged per
z-series, and z-series values were averaged again to generate animal/specimen trends in each category.

Percent Heparan Sulfate Coverage
Percent HS coverage (10E4 and HS4C3) was determined from LCA cross-sections of 6µm thickness.
Slides consisted of 6-12 sections per slide, and 4 representative images were taken per section with a
minimum of 3 slides per animal. Images were then overlaid with an individual grid size of 20µm2 in
ImageJ, and single grid blocks that fell along the lumen and were entirely stained positive for the
respective sulfation were counted as positive (Fig 7C, D). The final percent coverage was then calculated
globally as a ratio of luminal grid positives to negatives (Fig. 8).
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Fig. 7. Analysis and quantification of heparan sulfate coverage. (A) Representative example of HS3ST1sulfation staining of heparan
sulfate in an NDST1̵-/- animal. Positive staining (bright red) along the luminal edge signifies the presence of HS3ST1 sulfation of the
glycocalyx. White arrows identify areas without positive staining. Yellow grids signify areas of interest for Figure 8. (B) In addition to
HS3ST1 sulfation staining, samples were co-stained with DAPI for cell nuclei. Blue arrows identify the cell nuclei of endothelial cells
lining the luminal edge of the vessel. (C) Example of the grid-based method for determining percent HS coverage. (D) In the process of
determining coverage, consecutive cells representative of one unique area of the luminal border are given an initial counter. On a second
pass, gird areas with continuous coverage were marked as positive and the ratio of positive to negatives was calculated as a method for
determining percent coverage. (63X)
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Fig. 8. Working resolution of percent Heparan Sulfate coverage staining quantification (180% shown at 63X). A, B and C, D refer
to the upper right-hand corner and the lower left-hand corner outlined in yellow of Figure 7 respectively. (A, B) Section images
were enlarged to roughly 1.5-2.0x’s the native resolution to avoid the recounting of and the correct labeling of individual cells.
White arrows refer to cells lacking positive staining and the subsequent marker. (C, D) A second example portion detailing the
same methodical process.

Results
Deletion of NDST1 Does Not Affect Endothelial Cell Alignment in vivo
Staining the descending aortas with ZO-1 (a high molecular weight tight junction-associated protein) to
define EC boundaries in control and experimental animals on a high fat diet showed no significant
changes in EC alignment angle (Fig. 9A). The average aspect ratio in NDST1 KO animals with or without
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diet were 3.189 ± 0.523 and 3.680 ± 0.600 respectively (n = 9 and n = 3). Average aspect ratio in wild
type animals with or without diet were 2.928 ± 0.231 and 2.984 ± 0.165 respectively (n = 11 and n = 4)
(Fig. 9B). In contrast to expectations, NDST1 KO ECs were significantly more elongated than ECs of
wild type animals in terms of circularity (1 is perfect circle) which agreed with non-significant trends in
aspect ratio (Fig. 9C) (*p < 0.005). The average circularity in wild type animals with or without diet was
0.514 ± 0.0348 and .502 ± 0.0351 respectively (n = 11 and n = 4). The average circularity in NDST1 KO
animals with or without diet was…Additionally, a series of 5 left carotid arteries (LCAs) were stained and
quantified in an identical manner to rule out potential mischaracterization of EC measurements in the DA;

Fig. 9. Effect of NDST1 knock-down on endothelial morphology in the descending aorta. (A) Average deviations of EC alignment
angles relative to the direction of flow (n = 5 for NDST1̵-/- and n = 4 for NDST1+/+). (B) Average EC aspect ratios (n = 9 for NDST1̵ -/diet, n = 11 for NDST1+/+ diet, n = 3 for NDST1̵-/- no diet, n = 4 for NDST1+/+ no diet). (C) Average EC circularity with 1 defined as a
perfect circle (n = 9 for NDST1̵ -/- diet, n = 11 for NDST1+/+ diet; P < 0.005, n = 3 for NDST1̵ -/- no diet, n = 4 for NDST1+/+ no diet; *p
< 0.05). En face view of the descending aorta from NDST1̵ -/- or wild-type mice. Tissue was stained for ZO-1 to mark cell borders
(red) or with DAPI for cell nuclei (blue). (D-E) Example stains of NDST1̵ -/- or NDST1+/+ ECs respectively (green arrows indicate the
direction of flow) (63X).
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however, the values for circularity and aspect ratio in LCAs were not significantly different from their
respective DAs. Together, these data show that NDST1 deletion has no significant adverse effects on
endothelial cell morphology, elongation, and alignment.

NDST1 Sulfation Is Successfully Knocked Out in Vivo
To confirm that the conditional knockout of NDST1 in the ECs of the transgenic mouse does disrupt HS
biosynthesis and to further characterize the transgenic NDST1 KO glycocalyx, cross sections of LCA
were stained with HS10E4 antibody. The 10E4 epitope is located within the sulfation site catalyzed by
NDST1 (48). The success of the knockdown was determined by measuring the percent coverage of
stained glycocalyx on the luminal surface of LCA sections (Fig. 10A). The average percent coverage of
NDST1 sulfation on NDST1 KO animals was 4.68% ± 1.86% (n = 5) while the average percent coverage
of NDST1 sulfation on wildtype animals was 46.00% ± 20.92% (n = 4) (Fig. 10B). These data support the
validity of a successfully significant NDST1 sulfation KO mouse model given a near complete
knockdown relative to wildtype animals (P < 0.005).

Alternate HS Staining (HS3ST1 sulfation) Confirms Presence of HS Chain Backbones
The presence of HS chains was confirmed by staining an alternate sulfation site catalyzed by the heparan
sulfate glucosamine 3-O-sulfotransferase (HS3ST1). Identical to the assessment of NDST1 staining,
HS43C antibody was used to visualize HS3ST1 sulfation sites on HS chains in the GCX of LCA sections
up or downstream from the same vessel segments as used above. The average percent coverage in NDST1
KO animals was 65.60% ± 11.04% (n= 5 animals), and average percent coverage in wildtype animals was
75.32% ± 12.59% (n = 4 animals) (Fig. 10C-D). There was no statistically significant difference in
HS3ST1 sulfation staining between NDST1 KO and wildtype animals. In NDST1 KO animals, there was
a significant difference between staining at the two HS sulfation sites leading to the conclusion that
NDST1 deletion does not inhibit synthesis of the HS chains or the modifications catalyzed by other
sulfotransferases.

Discussion
Shi Z.D., et al., demonstrated conclusively that NDST1 sulfation silencing on HS in the GCX of rat
SMCs was sufficient in mediating the deactivation of mechanotransductive interstitial fluid flow
responses (39). The primary hypothesis of this experiment was to observe a similar change in endothelial
homeostasis due to the disruption of the GCX in response to the knockout of NDST1. As the results
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presented above demonstrate, a knockout of NDST1 in-vivo was insufficient at eliciting any significant
negative cell phenotypes in relation to alignment or cell shape.

While our main hypothesis was found to be wrong, there are many confirmed relations as a result of this
research. Foremost was the confirmation that NDST1 deletion does not impact cell alignment in vivo. Cell
alignment angle and aspect ratio were both conclusive in having no specific trends between NDST1 KOs
and controls that supported a negative influence of NKSD1 knockout on alignment or cell phenotype.
While there were significantly more elongated cells in NDST1 KOs, these results may be explained from
the general trend that was observed with cell area (results not shown). There was a significant difference
in cell area, with NDST1 KOs having larger cells on average overall by 11.9%. Due to the inclusion of
area (and perimeter) as a means of determining circularity, it is possible that the difference in area
affected these results, therein yielding a false positive net increased elongation in NDST1 KO animals.

Fig. 10. Heparan sulfate staining of LCA cross sections. (A) Percent NDST1 positive HS staining demonstrates a successful KO of
NDST1sulfation in experimental animals (n = 5 for NDST1̵ / ̵ and n = 5 for NDST1+/+; *p < 0.005). (B) LCA cross sections were
stained with 10E4 antibody for NDST1 sulfated HS (red) and with DAPI for cell nuclei (blue) (arrows identify EC nuclei on the
luminal wall of vessel sections) (63X). (C) Percent HS3ST1 sulfation positive HS staining demonstrates the presence of HS backbones
in both wild type animals and KO animals despite NDST1 deletion. (D) Corresponding sections (from the identical animals displayed
in B respectively) were stained with HS4C3 for HS3ST1 sulfated HS (red) and with DAPI for cell nuclei (blue) (arrows identify EC
nuclei on the luminal wall of vessel sections) (63X).
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However, a definitive statement of a false positive is difficult as there was also a non-significant trend in
the AR data that would have supported the enhanced elongation of ECs in NDST1 KO animals.

As the NDST1 KO animals additionally showed no significant negative trends in cell alignment angles, it
can at least be said with confidence that NDST1 sulfation deletion in ECs does not affect alignment in
vivo. It may be of interest to investigate the potential enhanced elongation effect of NDST1 deletion. This
and the replication of the in vivo results could be accomplished with primary cell isolation from control
and NDST1 KO animals and using a parallel plate flow chamber to expose these cells to flow and shear
stress.

From the results of the HS sulfation it is clear that the sulfation site (NDST1) for which the 10E4
antibody stains for was significantly reduced with a near complete knockdown. The average of NDST1
sulfation in KO animals was only 4.68±1.86% coverage relative to the control animals at 46.00% ±
20.92%. Conversely, it also demonstrates that NDST1 catalyzes the sulfation for which 10E4 stains. The
HS3ST1 sulfation staining with the HS4C3 antibody demonstrates the HS chain and backbone are clearly
still present and functional as far as alignment and elongation in-vivo can be concerned. Additionally, it
can also be concluded that the HS3ST1 sulfation occurs independently from the sulfation catalyzed by the
NDST family of enzymes.

These results mirrored the lack of significant systemic proatherogenic responses in concurrent experiment
that looked into the development of plaques along the aortic arches of NDST1 KO mice fed a high fat diet.
Relative to wildtype controls, there was no significant difference in plaque development after 10 or 18
weeks on the high fat diet.(data not published). Because wild type mice do not easily develop
atherosclerotic plaques, even when fed a high fat diet, an atherosclerosis mouse model (apoE KO, LDLr
KO) combined with NDST1 KO might provide a better proatherogenic environment for characterizing
deficiencies inherent to NDST1 KO. However, the lack of any effect from plaque, cell morphology, and
alignment data suggest that NDST1 sulfation plays no significant role within the GCX of ECs (42). It also
suggests against NDST1 deletion as a target for further study in relation to ECs and the GCX.

Conclusion
In an investigation into the role of NDST1 sulfation of HS on rat SMCs, it was found that deletion elicited
an equivalent response to complete HS removal through enzymatic degradation. In mouse ECs, NDST1
deletion showed no significant negative changes with respect to alignment or cell morphology. These
results were verified with cross sectional analysis of percent HS coverage through two separate sulfations,
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N (NDST) and 3-O (HS3ST). The results of the coverage analysis demonstrated that NDST1 sulfation
was successfully reduced, and that at least one other sulfation (HS3ST mediated 3-O) on an intact HS
backbone was present at levels comparable with controls. The conclusion therefore was that NDST1
deletion in ECs does not negatively impact cell alignment and phenotype.
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Chapter 3: Future Work
To confirm the results of the in vivo work and further probe the role of various GCX components in flow
induced EC elongation and alignment, a parallel plate flow chamber device will be used. Cells will be
sourced from NDST1 KO and wildtype animals using established protocols (47) Once we have confirmed
that ECs from both mouse strain align under flow, heparinase iii will be used to confirm that complete
removal of the HS chain and backbone inhibits the flow effect. For the following preliminary
experiments, bovine aortic endothelial cells were used.

Cell Culture and Parallel Plate Alignment
A primary bovine aortic endothelial cell (BAEC) line was purchased and cultured in MCDB-131
supplemented with 10% FBS and gentamicin sulfate (GS). Cells were cultured to a minimum of 80%
confluence and seeded on fibronectin (30µg/mL) coated microscope slides. Masks were cut from silicon
sheets of 0.02-inch thickness to create reproducible and consistent areas for the purposes of cell seeding
and maintaining experimental cell cultures within the confines of the flow devices’ channels. Within the
6.6 cm2 area, 400 µL of fibronectin was coated and allowed to bond to the slides for 1 hour at RT. Excess
fibronectin was then titrated off and BAECs were seeded at 60k cells/cm2 or 30k cells/cm2 for use in 2 or
4 days respectively. Experiments were conducted using RAININ Dynamax® Model RP-1 peristaltic
pumps, a pressure drop system consisting of two 60 mL syringes, and flow devices with channels of
approximately 100 µm in height or 250 µm.
While there was a great deal of trial, error, and ultimately no net positive or reproducible results with the
250 µm height chambers, the 100 µm chambers executed the experiment adeptly and reliably. The only
other setbacks related to nature of containing a system of flowing media for 24 hrs straight. Initially only
4 clamps were used in no particular set positioning, and a common problem was the loss of pressure over
a prolonged period of time, resulting in reduced shear rate after the initial 4-6 hours. In troubleshooting,
the number of clamps was increased by 2 for a total of 6, and the clamps were placed strategically with
two at each end and additional two in the center. During this process, it became evident that the loss of
pressure was likely due to a relaxation of the clamps in suboptimal positions which resulted in an
increased channel height.
Slides were affixed to the device through the applied pressure of 6 clamps. All tubing and both syringes
were autoclaved for each experiment apart from the flow devices which were surface sterilized and
flushed with 70% ethanol prior to use. Experiments were run for 24 hours at approximately 15-20
dynes/cm2 with 80 mL of media in circulation (5% FBS and 0.5% BSA). Upon completion of the
experiment, slides were washed once with PBS, fixed with 1% PFA for 10 min, and mounted.
24

For the purpose of alignment angle, AR, and circularity calculations in BAEC parallel plate validatory
experiments, a mask containing a series of 5 sequential circles along the central x-axis of the slide was
generated to standardize the methodology and avoid quantifying edge flow effects (Fig. 11). Images were
taken with a Nikon Eclipse TE2000-E microscope under phase contrast conditions at 20X. Within each of
the 5 circularly defined areas, one image with the best representative confluency, cell shape, and fixation
was taken. These images were then traced as described above with respect to the ZO-1 border staining.

Fig. 11. Method of analysis for parallel plate alignment experiments. A series of sequential circles were standardized to maintain the
consistency of measured results and the nullification of edge responses. One image was taken within the confines of the respective
areas which presented the best representation of healthy and intact endothelial monolayers. The subsequent calculations of cell shape
characteristic and cell alignment with respect to the direction of flow were calculated as described above. The colored area represents
the cell seeded space.

Sets included one 250 µm height, one 100 µm, and one control.

Custom Parallel Plate Flow Chambers are a Sufficient Model for Endothelial Cell Alignment
Custom parallel flow chambers were characterized and demonstrated the ability to align endothelial cells in
response to shear. Due to temporary sourcing and viability issues, BAECs were used as replacements for mouse
aortic endothelial cells (MAECs) in establishing the correct criteria for eventual in-vitro experiments affirming
NDST1 KO cells’ ability to sense and align to shear. Two variants of parallel flow chamber heights were
characterized, 250 µm and 100 µm. With 100 µm chambers, cells aligned parallel to the direction of flow under
15 dynes/cm2 of shear stress (Fig. 12). However, 250 µm chambers under the same shear conditions elicited either
no response to flow or aligned uniformly perpendicular to flow due to an unknown effect.
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Fig. 12. Custom Parallel Plate Flow Chamber Validation. (A) Average BAEC angles of alignment with significant differences between
control and 250 µm and 100 µm chambers (*p < 0.01; ##p<0.05). (B) Average BAEC values for circularity with significant differences
between control and 250 µm and 100 µm chambers (*p < 0.05). (C) Average BAEC aspect ratios with significant differences between
control and 250 µm and 100 µm chambers (*p < 0.05). (D) Example phase contrast images of control, 250 µm and 100 µm
experiments (20X). Arrows indicate the direction of flow.
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